Mutations in carbohydrate-negative mutants of Pseudomonas aeruginosa PAO1 individually deficient in glucose 6-phosphate dehydrogenase (zwJ), 6-phosphogluconate dehydratase (edd), or pyruvate carboxylase (pyc) were mapped on the chromosome by plasmid R68.45-mediated conjugation and by bacteriophage F116L-mediated transduction. Loci for all three genes were located in the 45-to 55-min region of the chromosome; both zwf-l and edd-l were linked by transduction to nalA, whereas pyc-2 was linked by conjugation to argF10. The zwf-J mutation exhibited cotransduction frequencies of >95% with both edd-i and the hex-9001 marker, a mutation reported to prevent growth on hexoses. The latter mutation was shown to cause a specific deficiency in 2-keto-3-deoxy-6-phosphogluconate aldolase activity and was redesignated eda-9001. These results demonstrate tight clustering of the gene loci for glucose 6-phosphate dehydrogenase and for both enzymps unique to the Entner-Doudoroff-pathway in P. aeruginosa. Our evidence suggests supraoperonic clustering of these and other inducible carbohydrate catabolic genes in the 45-to 55-min region of the chromosome.
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The catabolism of glucose, gluconate, and mannitol occurs via the inducible Entner-Doudoroff pathway in Pseudomonas aeruginosa ( Fig. 1 ). An essential role for this pathway in the metabolism of these substrates is evident from the growth properties of mutants that cannot convert these substrates to the central metabolite 6-phosphogluconate or that fail to form active enzymes of the Entner-boudoroff pathway.
For example, mutants deficient in inducible glucose 6-phosphate dehydrogenase (zwf mutations) fail to grow in mannitol minimal medium, although they grow aerobically at nearly wildtype rates on glucose or gluconate (20) by utilizing the membrane-associated direct oxidative pathway (8) . However, zwf mutations totally block anaerobic glucose utilization by denitrifying cells in which membrane}associated glucose dehydrogenase is not expressed (8) . Mutants that are deficient in the first enzyme of the Entner-Doudoroff pathway, 6-phosphogluconate dehydratase (EDD) (edd mutations), are unable to convert 6-phosphogluconate to 2-keto-3-deoxy-6-phosphogluconate and thus are unable to utilize glucose, gluconate, or mannitol (2), Other pleiotropic carbohydrate-negative mutant strains of P. aeruginosa that are deficient in pyruvate carboxylase (pyc mutations) fail to grow on all six-carbon carbohydrates, glycerol, lactate, and pyruvate (19) .
Although the physiological and enzymatic characteristics of several mutant strains that are defective in carbohydrate utilization have been described, virtually nothing is known of the arrangement of carbohydrate catabolic genes on the P. aeruginosa chromosome. Transductional analyses by two-factor crosses have shown that the edd and pyc mutations are not linked (19) . However, linkage relationships between these mutations and other genetic markers have not been established. In this study, we mapped the zwf, edd, and pyc mutations on the P. aeruginosa chromosome, determined the specific defect caused by the previously uncharacterized hex-9001 mutation (7, 25) , and demonstrated tight linkage of this allele with zwf and edd (R. A. Roehl, P. V. Phibbs, Jr., and T. W. Feary, Abstr. Annu. Meet. Am. Soc. Microbiol. 1982, K2, p. 136).
MATERIALS AND METHODS
Bacterial strns and growth media. All bacterial strains (Table 1) were derived from P. aeruginosa PA01 (7) . Procedures for nitrosoguanidine mutagenesis and isolation of mutant strains containing zwf, edd, and pyc mutations have been described (19, 20 (2, 9, 10) . The protein concentration in cell extracts was determined by the direct spectrophotometric method of Kalb and Bernlohr (11) .
Genetic procedures. Procedures for R68.45-mediated chromosome mobilization and for conjugative selftransfer of the plasmid have been described (24) . Generalized transducing bacteriophage F116L (13) was employed in transduction experiments on solid medium as described previously (19) .
Chemicals. Pyridine nucleotides, commercial coupling enzymes, enzyme substrates, and other reagents used in enzyme assays were of the highest purity available from either P-L Biochemicals, Inc., Milwaukee, Wis., or Sigma Chemical Co., St. Louis, Mo. Other chemicals were of reagent-grade purity, purchased from J. T. Baker Chemical Co., Phillipsburg, N.J., Fisher Scientific Co., Pittsburgh, Pa., or Sigma Chemical Co. Tryptone, yeast extract, and agar were purchased from Difco Laboratories, Detroit, Mich.
RESULTS
Growth properties and enzyme deficiencies in mutant strains. The growth characteristics and specific defects of strains that contain zwf, edd, and pyc mutations have been described (2, 19, 20) . The hexose-negative mutant PA01838 contained a mutation designated hex-9001, and its growth phenotype was found to be essentially identical to that of strains which contain edd mutations (inability to utilize glucose, gluconate, or mannitol and very slow growth on fructose or glycerol). A soluble cell extract of strain PA01838 was found to lack the combined activity of EDD-EDA (Table 2) . However, the extract from PA01838 complemented extracts from edd mutants PFB9 and PFB52 in assays for EDD-EDA activity, indicating the presence of EDD activity in the PA01838 extract. Direct assay of EDA activity, using 2-keto-3-deoxy-6-phosphogluconate as substrate, showed a specific deficiency of EDA activity in the extract of strain PA01838 (Table 2) The specific frequency of cotransduction of zwf-l and edd-J was determined by transducing strain PFB9 (edd-l), using phage F116L propagated on strain PFB98 (zwf-1). Transductants were selected on gluconate minimal medium, an4 the coinheritance of zwf-1 was scored by testing for th; ability to grow on mannitol minimal medium. edd-l and zwf-J loci were coinherited at a frequency of 99% (Table 5) , which is consistent with the tight linkage that was observed in quantitative 2-factor crosses ( Table 4 ).
The eda-9001 mutatioth has beehi mapped by plasmid FP5-mediated conjugation in the late region of the P. aeruginosa chromosome near met-9020 and leu-10 (7, 21). The tight transductional linkage of zwf-J and edd-J and the conjugational mappipg of zwf-J and eda-9001 indicated that eda-9Q0QI might be cotransducible with zwf-l and edd-l. Linkage of zwf-J and eda-9001 was tested by transducing strain PA01838 (eda-9001) to gluconate positive, using F116L propagated on strain PFB98 (zwf-1), and scoring transductants for coinheritance of zwf-l on mannitol minimal medium. The results showed 96% cotransduction of zwf-J and eda-9001 (Table 5) . Therefore, zwf-1, edd-l, and eda-9001 are clustered in the 50-to 55-min region of the chromosome near leu-10 and met-9020.
The cluster was mapped more precisely by determining transductional linkage of these mutations to other previously mapped markers in this region of the chromosome. The results from F116L-mediated transductions (Table 5) showed that zwf-l was not linked to either ami-151 (PFB98 x PRP890 cross) or leu-10 (PRP811 x PFB98 cross); eda-9001 also was not linked to met-9020 (PAQ1 x PA01838 cross). However, the zwf-1, eda-9001, and edd-i mutations did exhibit 44, 39, and 31% cotransduction frequencies, respectively, with nalA54 in strain PRP811. Nearly identical linkage values were obtained when coinheritance was determined with the nalA2 mutation in strain PA0236. Thus, the zwfeda-edd cluster is linked to the nalA locus and is located between ami-151 and leu-10. The proposed gene order is shown in Fig. 3 . DISCUSSION Four genes corresponding to inducible enzymes of the central pathways of carbohydrate catabolism were located in the 45-to 55-min region of the P. aeruginosa chromosome map. Three of these genes were tightly clustered, as shown by cotransduction of zwf with both eda and edd at frequencies of >95% (Table 5 ). The relative gene order deduced from the present conjugational and transductional crosses places the zwf-eda-edd gene cluster between ami-151 and leu-10 (Fig. 3) . All three genes of the cluster were linked by transduction with nalA, which maps between ami-151 and leu-10, but they did not exhibit transductional linkage with either of the latter markers. The previously uncharacterized hex-9001 mutation (redesignated eda-9001 in this study) was placed between nalA and ami-151 in earlier maps of the P. aeruginosa chromosome (6, 7, 21) , based on very low frequencies of cotransduction of eda-9001 and leu-10. However, additional carbohydrate catabolic markers, specifying glycerol utilization, recently have been identified in this region of the chromosome, and they exhibit transductional linkage to ami-151, nalA, and the zwf-eda-edd cluster. Those results indicated the relative gene order shown in Fig. 3 Fig. 3 ). Due to the nearly identical effects of the edd and eda mutations on carbohydrate utilization, it was not possible for us to employ three-point transductional analysis to determine more precisely the gene order within this cluster.
The activities of glucose 6-phosphate dehy- Pyruvate carboxylase is an inducible anaplerotic enzyme that is essential for the utilization of all carbohydrates by P. aeruginosa. Independently isolated pyc alleles fall into a single transductional linkage group, and the gene appears to be expressed as an independent regulatory unit (19) . The pyc mutations did not exhibit transductional linkage with the zwf-eda-edd cluster (Table 4) ; however, they were mapped in the 45-min region of the P. aeruginosa chromosome by demonstrating conjugational linkage with argF10 (Table 3) . We also reported recently the transductional linkage of tightly clustered structural and regulatory genes for the phosphoenolpyruvate-fructose 1-phosphotransferase system (pts markers) with both argF10 and lys-9015 in this region of the chromosome (24) . Therefore, at least seven different genes specific for carbohydrate catabolic functions, which comprise at least three separate regulatory units (pts loci, pyc, and zwf-eda-edd), have been mapped within the 45-to 55-min region of the P. aeruginosa chromosome.
A number of chromosomal catabolic genes that have been mapped in Pseudomonas species are known to exhibit extensive clustering (1, 3, 12, 15, 16, 18, 27) . The present results provide another such example' and provide additional evidence for the proposed phenomenon of supraoperonic clustering of dissimilatory pathways in Pseudomonas species (27, 33) .
